Flue gas containing volatile elements, fine fly ash particulates not retained by particle control devices, and limestone are the most important sources of trace and major elements (TMEs) in wet flue gas desulphurization (WFGD) gypsum. In this study, samples of gypsum slurry were separated into fine and coarse fractions. Multi-elemental analysis of 45 elements in the different size fractions of gypsum, slurry waters and lignite were performed by k 0 -INAA (k 0 -instrumental neutron activation analyses). The study found that the volatile elements (Hg, Se and halogens) in the flue gas accumulate in the fine fractions of gypsum. Moreover, the concentrations of most TMEs are considerably higher in the fine fractions compared to the coarse fractions. The exceptions are Ca and Sr that primarily originate from the limestone. Variations of TMEs in the finer fractions are dependent on the presence of CaSO 4 ·2H 2 O that is the main constituent of the coarse fraction. Consequently, the content of TMEs in the fine fraction is highly dependent on the efficiency of separating the fine fraction from the coarse fraction. Separation of the finer fraction, representing about 10% of the total gypsum, offers the possibility to remove effectively TMEs from WFGD slurry.
Introduction
Coal combustion is the major source of airborne Hg, Mo and Se, and is a significant source of As, Cr, Mn, Sb and Tl [1] . Not only trace elements, but also SO 2 , NO x , CO 2 , N 2 O, particulate matter and various gases are released into the environment by coal burning [2] . In general, the elements present in coal occur over a wide concentration range that varies according to the geochemical evolution of the coal deposits [3] [4] [5] [6] [7] . Based on their concentrations, chemical elements in coal are classified into three groups [8] with further division of trace elements according to their volatility [8] [9] [10] [11] . The volatility of trace elements is the result of several factors: affinity to other elements, their physical properties, chemical reactions and transformations [11] , but it also depends on the combustion setup (e.g. combustion temperature, time of exposure, ash generation) [3] [4] [8] [11] [12] . Volatile elements are preferentially concentrated on the smallest particles due to condensation [11] whereas the non-volatile ones deposit on the largest ash particles [13] . As a result, the finest fly ash particles contain larger amounts of (trace) elements, due to their greater surface to volume ratio [3] [8] [9] [10] [11] [14] .
Important sources of trace and major elements (TMEs) in the gypsum slurry are attributed to the flue gas with fly ash particles [8] [21] and limestone added to the wet flue gas desulphurisation (WFGD) system [22] . Small particles pass through the electrostatic precipitator (ESP), reach the WFGD device and are retained there due to adsorption, co-precipitation or other chemical reactions [23] [24] . Although trace elements are greatly accumulated in gypsum [15] , a smaller amount is emitted to the atmosphere through the stack gas [13] [20] .
The control of emissions in the gaseous phase and small particulates is very important. In power plants equipped with WFGD systems, both emissions are reduced [11] .
Gypsum as a by-product of the WFGD process is important in terms of its disposal in landfills and/or for its further production and use [25] [26] [27] .
Typically, it is mostly composed of CaSO 4 ·2H 2 O [27] [28] and minor amounts of silica, alumina, iron oxide, and other minerals [27] [29] . Many pollutants in a gaseous form and/or as particulate matter are partitioned into solid and water streams of gypsum slurry. Under operational conditions of water recirculation from gypsum slurry, some inorganic trace pollutants are enriched in recirculated water streams by dissolution. After a number of cycles, inorganic trace pollutants may reach equilibrium and subsequent saturation in the water stream [30] .
Distribution of TMEs during the coal combustion process has been extensively studied [17] [20] [31]- [39] . On the other hand, there are only a few studies describing accumulation of elements in gypsum or gypsum slurry [15] Lignite burning Šoštanj thermal power plant (Šoštanj TPP, Slovenia) is studied in this paper. We previously examined the importance of particle size re-American Journal of Analytical Chemistry garding mercury accumulation in WFGD gypsum from a Šoštanj TPP. Grain size distribution revealed a significantly higher proportion of Hg in smaller particles where 12% of the finest fraction contains 63% of the mercury [28] . In the present work, in addition to mercury, the concentrations of 44 other trace and major elements (TMEs) were determined in various size fractions of gypsum.
Instead of studying all water streams relating to the WFGD system, the focus was on particles in the gypsum slurry samples (gypsum). Although bulk gypsum is typically used to characterize gypsum samples, in our work all gypsum slurry samples were separated into fine (recirculated gypsum slurry) and coarse (mostly consisted of CaSO 4 ·2H 2 O) fractions. Our study revealed several important findings with regards to the distribution pattern, accumulation and sources of TMEs in the different particle size fractions. We have had also emphasized the importance of proper sample preparation when separating gypsum slurry into fine and coarse fractions.
Materials and Methods

Study Site
To carry out the analysis and distribution pattern of TMEs, lignite burning Šoštanj . The consumption rate is between 3.5 and 4.2 million tons per year. There are two WFGD units for removing SO 2 , the first covering blocks 1 through 4, while the second covers block 5 (http://www.te-sostanj.si/en/presentation/history). In this study our main concern are focused on block 5. All WFGD systems use the wet limestone process with forced oxidation and are equipped with ESP.
Sample Description
Lignite samples (LIG) and three different gypsum slurries were taken from the batch of block 5, Šoštanj TPP. All samples were separately recorded, labelled and collected. The preparation procedures for those samples are described below (Section 2.2.1). The data of multi-elemental analyses for bulk gypsum (a mixture of finer and coarse fraction) and limestone were taken from previous work [28] .
Preparation of Lignite Sample
LIG was sampled in 2012 from a conveyer belt during a normal working day to ensure representative sample. The combined mass of the obtained samples was ~3 kg. The samples were dried and maintained a fixed weight at 38˚C for one week in an electric drier/oven (MEMMERT UFE 500). After the drying process, they were ground with a ball mill and sieved with a Fritsch Pulverisette 0 Vibratory Micro Mill to a particle size of less than ~250 µm.
Preparation of Gypsum Samples
Three samples of gypsum slurry were drawn from the agitated tank of the American Journal of Analytical Chemistry WFGD absorber (main scrubber, block 5). Representative samples were taken, when the process in the desulphurisation scrubber was in a steady state. In this paper, the terms gypsum slurry, gypsum and slurry water are used. Gypsum slurry represents total slurry (liquid together with solids) while gypsum consists only of moist solid fraction (a mixture of coarse and finer fraction). The solid fraction in gypsum slurry is settled and slurry water represents the liquid above the solid fraction that contains dissolved pollutants together with small particles, typically not seen or only seen as an opaque solution. Each slurry was separated using size selective fraction into fine and coarse fractions. Two different separation techniques were adopted for this procedure: 1) In the first approach, separation of gypsum slurry particles with the help of a hydrocyclone (pilot version, laboratory set-up, Figure 1 ) into a fine fraction (FF) and coarse fraction (CF) labelled as TEŠ5-FF and TEŠ5-CF. Using centrifugal force, fractions were separated such that denser CF settles at the bottom (underflow, TEŠ5-CF) and a lighter FF at the top (overflow, TEŠ5-FF), of which the latter in actual WFGD hydrocyclone systems is recirculated back into the agitated tank as recirculated slurry. In addition, slurry water was also subjected for elemental analysis (TEŠ5-W 1 , TEŠ5-W 2 ). Samples of the above process were carefully collected and stored in May 2013.
2) The second separation involved two samples. Gypsum slurries were homogenised by shaking, and left 72 hours to settle until two well-defined layers were formed. While the bottom layer consolidated rather quickly, it took several hours for the upper layer to separate particulates from clear water phases.
After decantation, the water layer was extracted with a pipette yielding a creamy brown material. Using this approach, two particulate fractions were obtained, labelled as TEŠ5-FF1 and TEŠ5-CF1 for the first sample and TEŠ5-FF2 and TEŠ5-CF2 for the second sample. Samples were collected in December 2013 and January 2014. In this case, slurry water was not obtained for further analysis.
Characterisation of Gypsum Samples 1) Grain size distribution
Grain size distribution of samples was done using Microtrac PSA FRA 9200 which is based on Fraunhofer laser diffraction method. All fractions were subjected to air-dry and maintained constant weight at 38˚C in an electric drier/oven (MEMMERT UFE 500). After drying, samples were homogenised in agate containers of a planetary mill (Fritsch planetary mill Pulverisette 7).
2) Morphological characteristic study using scanning electron microscopy : short irradiation (up to a few minutes) to determine elements via their corresponding short half-life radionuclides, and second irradiation (up to 12 hours) to determine elements via their corresponding medium/long half-life radionuclides. For QA/QC purposes, the certified reference material BCR-320R Channel Sediment was used. Our results we presented graphically on Figure 2 , where good agreement between k 0 -INAA data and certified values can be seen.
After irradiation and appropriate cooling time, the samples were measured on absolutely calibrated HPGe detectors (40% and 45% relative efficiency). For peak area evaluation, the HyperLab program was used. For elemental content determinations and effective solid angle calculations, the software package Kayzero for Windows was used [45] 
Results and Discussion
The data obtained for total elemental concentrations and corresponding uncertainties in LIG sample, limestone, slurry waters, bulk and various CF and FF of gypsum are presented in Table 1 and Table 2 . In most papers, data are available for a limited number of elements, while the present study provides information for 45 elements, including some strategically important rare earth elements 
Properties of Finer and Coarse Fractions
Determination of particle sizes by grain size distribution analyses are detailed in 
Enrichment of Elements in Finer Fraction
Accumulation of TMEs in gypsum samples mainly depends on particle sizes.
The elements are partitioned between FF and CF respectively ( Figure 5 ). Most of the elements are considerably enriched in the FF, with some exceptions (Ca, Sr and S) that constitute the bulk of gypsum. Strontium is usually introduced in the system with limestone, and typically occurs as SrCO 3 [22] . In general, the enrichment of elements in TEŠ5-FF is smaller with respect to TEŠ5-FF1 and TEŠ5-FF2. A larger proportion of bigger particles in the fine fraction TEŠ5-FF causing a "dilution" effect ( Figure 3(a) ). However, much higher enrichment was observed for most TMEs in TEŠ5-FF2 with respect to TEŠ5-FF1 and TEŠ5-FF fraction of gypsum, suggesting the importance of sampling and preparation procedures. Higher enrichment of most TMEs in TEŠ5-FF2 is consistent with Table 3 , where the proportion of CaSO 4 ·2H 2 O is significantly lower as a consequence of other particles present in the sample.
Alkali elements show similar enrichment with the exception of Na, while earth-alkaline elements show enrichment for Mg and Ba, but not for Ca and Sr ( Figure 5 ). In addition, Ba is highly enriched in FF of TEŠ5-FF2. Since the salts of alkali and earth alkali elements have solubility several orders of magnitude higher then salts of the transition elements, the precipitation reactions alone cannot explain these findings. This enrichment is mainly supported by adsorption. Aluminium is enriched in all FFs and is one of the most enriched elements.
A small part is supplied with limestone, while most enters with fly ash that escapes the ESP and could be present as small aluminosilicate cenospheres with high specific surface for adsorption/condensation. On the other hand, it could and therefore its presence in gypsum is mostly the consequence of limestone addition [22] and only minor amounts could enter with the smallest particles. In addition, Mn can form precipitates such as MnO 2 in a WFGD slurry tank [24] .
Lanthanides in TEŠ5-FF are slightly enriched compared to other FFs. Actinides, namely Th and U, are similar in both blocks with the exception of finer fraction TEŠ5-FF2, where strong enrichment of both elements was observed.
The data of TMEs in slurry water are shown in Table 1 
Limestone as a Source of Elements
As seen in Figure 5 , most elements in FF are enriched relative to the CF. The composition of CF is similar to limestone, which is an important source of elements in the system. In the present study, CF of TEŠ5-CF1 was chosen for comparison with limestone ( Figure 6 ) since it contains almost 100% of CaSO 4 ·2H 2 O according to calculations (Table 3) predominant matrix. However, the particle size is a very important parameter in determining the reactivity of limestones [22] and has an effect on the adsorption properties in CF and FF.
Comparison of Finer and Coarser Fractions versus Lignite
In order to compare trend lines and concentration of elements that are Among the most interesting features is high accumulation/retention of Hg and Se in all gypsum fractions regarding coal. Se mainly condenses on fly ash particles, while Hg is found as volatile species in flue gas [20] . Concentrations of Se and Hg in the particles leaving the ESP are higher in medium to fine fraction.
In the gypsum, Se is suggested to be in oxidation state Se(IV) [49] . SeO 2 is a predominant species in flue gas that combines with lime in the scrubber to form CaSeO 3 [50] . Another explanation for Se accumulation is attributed to its pres- In general, conditions are expected to be constant during the coal combustion process and the partitioning of elements in air pollution control devices 
Conclusion
The presence of TMEs in gypsum is primarily related to 1) small size fraction of fly ash not retained by the particle control devices, 2) volatile elements (e.g. Hg,
Se and halogens) that are highly accumulated in the WFGD with respect to coal 3) introduction of limestone as an additional source of TMEs (e.g. Mg, Ca, Sr) associated mostly with CF, 4) and the conditions present in a WFGD scrubber (e.g. oxidation-reduction, temperature, pH, etc.). In general, the concentrations of TMEs in the CF and FF of gypsum varied, demonstrating the importance of particle size. Small particles retain much higher concentrations of most elements, especially Hg and Se, which are highly enriched relative to their occurrence in coal. FF represents a small mass portion in the gypsum as a whole (about 10%), but contains a large proportion of TMEs. Removal of fine gypsum fraction in the process of recirculation of gypsum slurry therefore represents one of the possible cost-effective remediation technologies. Thus, the appropriate approach based on the removal of the smallest size fraction of gypsum could eliminate most TMEs. Finally, the study also showed that the methodologies for sampling and separation of gypsum particle sizes need to be standardized in order to assure comparability of the results. Moreover, concentrations of TMEs in coal (lignite), limestone, fly ash and various size fractions of gypsum could provide a good indication of the removal efficiency of APCDs.
